Reaction conditions for the selective derivatization of three types of aromatic diamines without clean-up in an aqueous solution using 4-(N-chloroformylmethyl-N-methylamino)-7-nitro-2,1,3-benzoxadiazole (NBD-COCl) have been developed for simple, fast, and selective analysis by HPLC. The aromatic amines were derivatized to give di-NBD-CO-aromatic amines at 35 C for 5 min in a buffer solution at pH 5 containing a low acetonitrile concentration (0 -400 ng/mL, n = 5, r >0.998). The retention times of these di-NBD-CO-aromatic amines were <5 min. Sample solutions containing aromatic amines, phenols, and an aliphatic amine were also prepared. Under the optimized reaction conditions (i.e., low acetonitrile content and acidic conditions), no derivatization of the phenols and the aliphatic amine was observed. These were related to the differences in the pKa values of the target substances, the organic solvent concentration, and the reaction solution pH. For the model system, a sulfuric acid-impregnated filter was spiked with the aromatic amines, phenols, and aliphatic amine prior to extraction, derivatization, and measurement by HPLC. Only aromatic amines were detected quantitatively, with no other compounds being observed.
Introduction
Aromatic amines are widely used industrially as chemical precursors for materials such as dyes, reaction intermediates, antioxidants, and resins. However, because some aromatic amines are carcinogenic to humans, [1] [2] [3] [4] their presence in the workplace air is monitored to determine if exposure controls are adequate. To sample air within the workplace, a sulfuric acidimpregnated filter and hydrochloric acid solution is generally employed as a collection agent. Measurements are then carried out using common and inexpensive techniques, such as highperformance liquid chromatography-ultraviolet detection (HPLC-UV), HPLC-fluorescence (HPLC-FL), and gas chromatography-flame ionization detection (GC-FID). [5] [6] [7] [8] However, aromatic amines are commonly found in the presence of other compounds (e.g., non-aromatic amines and phenols) in most workplaces, and it is difficult to distinguish the aromatic amines from these compounds using HPLC-UV and HPLC-FL, as they have similar retention times and maximum wavelengths.
Derivatization reactions are commonly used to enhance and separate the analytical signals during analysis by HPLC. [9] [10] [11] [12] For example, acid chloride reagents are extremely reactive derivative reagents, which react with water, alcohols, phenols, amines, and aromatic amines. Although these reagents are generally used in a dry solvent with a base, they can also be used under alternative conditions. 9, [13] [14] [15] [16] [17] [18] [19] In addition, 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F), which also reacts with amines, phenols, and water, has been used in aqueous solution at neutral and basic pH values, and the derivatization reaction can be terminated by the addition of an acid. 20, 21 However, as these derivatization methods are not only applicable to aromatic amines, but also to phenols and aliphatic amines, a sample containing an interfering substance must first be cleaned up or pretreated by, for example, solid-phase extraction or liquid-liquid extraction methods. However, due to the requirements for analyzing large numbers of samples within a restricted time frame and budget, a selective derivatization for a simple and rapid method without pretreatment is desirable.
In this study, the derivatization of three types of carcinogenic aromatic amines, namely, monophenyl-, diphenyl-, and diphenylmethane-, using NBD-COCl under two reaction conditions, followed by confirmation of the derivative structures by 1 H NMR spectroscopy and mass spectrometry (MS). The reactivities of these aromatic amines with NBD-COCl in an aqueous solution are examined for the development of a rapid, selective, and quantitative analysis by HPLC. For the model system, aromatic amines, phenols, and aliphatic amines will also be spiked into sulfuric acid-impregnated filters prior to extraction, derivatization, and measurement by HPLC.
Experimental

Reagents and chemicals
2,4-Diaminotoluene (reagent grade, >98.0%, A), o-tolidine (>98.0%, B), 4,4′-diamino-3,3′-dimethyldiphenylmethane (>95.0%, C), phenol (>99.5%, D), 4,4′-methylenebis(cyclohexylamine) (>97.0%, E), bisphenol A (>99.0%, F), and 4-(Nchloroformylmethyl-N-methylamino)-7-nitro-2,1,3-benzoxadiazole (NBD-COCl, >92.0%, CAS No. 140164-85-8) were purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). Acetic acid (>99.9%), sodium acetate (>98.5%), sodium dihydrogen phosphate (>99.0%), disodium hydrogen phosphate (>99.0%), boric acid (>99.5%), sodium tetaraborate (>99.5%), and acetonitrile (HPLC and expert grade MeCN) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The membrane filter (Cosmonice Filter S, pore size: 0.45 μm, filter diameter: 4 mm) was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). The sulfuric acid-impregnated filter (filter diameter: 37 mm) was purchased from SKC Inc. (Eighty Four, USA). All water employed throughout the study was purified using an ADVANTEC GSH-200 system (ADVANTEC MFS, Inc., CA, USA).
Apparatus
A Waters HPLC system (Alliance e2965) consisting of the appropriate pumps, a column oven, a sample temperature cooler (set at 5 C), a photodiode-array detector (Waters 2998 Photodiode Array Detector), and a fluorescence detector (Waters 2475 Multi-λ Fluorescence Detector) was employed for HPLC analysis. A core-shell column (Kinetex C18, 5 μm, 100 × 4.6 mm) was used for separation with a mobile phase consisting of MeCN and distilled water (50:50, v/v). Analysis was carried out under isocratic conditions at a flow rate of 1.0 mL/min at 30 C. The chromatograms were recorded at ex λ 470 nm/em λ 540 nm using the fluorescence detector, and at 245, 296, and 470 nm using the photodiode array detector. The pH values of the filter solutions were measured using a LAQUA twin AS-712 pH meter (HORIBA, Ltd., Kyoto, Japan).
Synthesis of the di-NBD-CO-aromatic amines in MeCN-pyridine for structure confirmation
In six different test tubes, NBD-COCl (300 μL, 68.04 mg/10 mL, 25 mM in MeCN) was added to the aromatic amine (100 μL, 25 mM in MeCN) and 10% (v/v) pyridine in MeCN (10 μL), and the tubes were sealed with PTFE-lined screw caps. After reacting at 35 C for 10 min in the dark, the tubes were cooled using ice. The resulting precipitates were then collected on a filter paper, washed with distilled water (400 mL), and dried under reduced pressure. Di-NBD-CO-aromatic amines as orange powders were obtained. The yields of di-NBD-CO-2,4-diaminotoluene (1), di-NBD-CO-o-tolidine (2), and di-NBD-CO-4,4′-diamino-3,3′-dimethyldiphenylmethane (3) were 40, 69, and 66%, respectively. Structural elucidation of the derivatives was carried out by NMR spectroscopy, MS, and HPLC (see Table S1 (Supporting Information) for characterization details).
Synthesis of the di-NBD-CO-aromatic amines in acetate-bufferMeCN for structure confirmation
In six different test tubes, NBD-COCl (90 μL, 67.60 mg/10 mL, 25 mM in MeCN) was added to the aromatic amine (10 μL, 25 mM in MeCN) and a 0.1 M acetate buffer (10 μL, pH 6.0) and the tubes were sealed with PTFE screw caps. After reacting at 35 C for 10 min in the dark, the tubes were cooled using ice.
The resulting precipitates were then collected on a filter paper, washed with distilled water (400 mL), and dried under reduced pressure. Di-NBD-CO-aromatic amines as orange powders were obtained. Structural elucidation of the derivatives was carried out by MS and HPLC. Di-NBD-CO-2,4-diaminotoluene ( 
Preparation and derivatization of the filtered samples
The pH of the mixture containing the extract (100 μL/2 mL) of a sulfuric acid-impregnated filter, and 420 μL of the 10 mM NaOH solution was 5.04, and so 0.1 M NaOH (840 μL) was employed for extraction of the filter sample (10 mM × 420 μL × 2 mL/100 μL = 0.1 M × 840 μL).
Standard mixtures of the aromatic amines (i.e., 2,4-diaminotoluene (A), o-tolidine (B), and 4,4′-diamino-3,3′-dimethyldiphenylmethane (C), 5 μg/mL) in MeCN:MeOH (1:1, v/v) and of the phenols and non-aromatic amine (phenol (D), 4,4′-methylenebis(cyclohexylamine) (E), and bisphenol A (F), 41.67 μg/mL) in MeCN:MeOH (1:5, v/v) were prepared for spiking into the sulfuric acid-impregnated filters (aromatic amines: 200 ng/filter, non-aromatic amines and phenols: 1.67 μg/ filter). The filters were then dried under air and added to the test tubes, which were subsequently sealed with PTFE screw caps.
A sodium hydroxide solution (0.1 M, 840 μL), 10% MeCN aq. (1 mL), distilled water (60 μL), and a 1.0 M acetate buffer (100 μL, pH 5) were added per a filter to the test tubes and vortexed. The aromatic amines, phenols, and non-aromatic amine in the filters were then extracted by ultrasonication (10 min) and filtered using membrane filters. A sample of the filtered solution (80 μL) was then added to a test tube along with NBD-COCl (10 μL, 5.0 mg/2 mL, 9.24 mM in MeCN, stored at 3 -5 C) and the tubes were sealed with PTFE screw caps. After a 5-min reaction at 35 C in the dark, the test tubes were cooled using ice, and a 0.5% (v/v) acetic acid/40% (v/v) aqueous MeCN solution (900 μL) was added and vigorously vortexed. The resulting solutions were filtered using membrane filters and a sample of the filtrate (20 μL) was analyzed by HPLC.
Results and Discussion
Effect of reaction solution type on the derivatization reaction Figure 1 shows the derivatization reactions of aromatic amines (2,4-diaminotoluene (A), o-tolidine (B), and 4,4′-diamino-3,3′-dimethyldiphenylmethane (C)) with NBD-COCl. The aromatic amine derivatives (di-NBD-CO-2,4-diaminotoluene (1), di-NBD-CO-o-tolidine (2), and di-NBD-CO-4,4′-diamino-3,3′-dimethyldiphenylmethane (3)) were synthesized for structure confirmation. The same derivatives were obtained under both aqueous (acetate buffer/MeCN) and non-aqueous (MeCN/ pyridine) conditions, and both amino groups of the aromatic amines were derivatized successfully. Figure 2 shows the effect of the reaction solution pH on the derivatization reaction. As shown, at pH 6.5, the highest fluorescence corresponding to the di-NBD-CO-aromatic amines was obtained under high MeCN concentrations (i.e., using pure MeCN) (Fig. 2a) . However, at low MeCN concentrations (i.e., a 10% aqueous MeCN solution), no difference in fluorescence was observed between pH 4.0 and 8.0 (Fig. 2b) . In addition, under weakly acidic conditions, the peak areas corresponding to the di-NBD-CO-aromatic amines were greater at low MeCN concentrations than at high MeCN concentrations. One potential explanation for the enhanced fluorescence peak areas at low MeCN concentrations compared to those at high MeCN concentrations could be that the aromatic amines were in a more nucleophilic state, due to variations in solubility and in the solution composition. In addition, the weaker fluorescence peaks at pH 9 in both solutions compared to those observed at other pH values could be due to the reaction of the derivatization reagent with water rather than with the aromatic amines. However, under these acidic conditions, derivatization was not observed for the non-aromatic amine and phenols (Fig. 3) , due to the nucleophilicities of the phenols and non-aromatic amine being lower under acidic conditions. The low MeCN concentration was better than the high MeCN concentration under weakly acidic conditions for the selective derivatization.
Optimization of the derivatization conditions for HPLC analysis
Furthermore, at low MeCN concentration, the reaction with a pH 5 buffer provided optimal results, as the pKa values of a number of aromatic amines (i.e., anilinium ions) are <5, 22 and the buffering capacity of the acetate buffer is pKa 4.75 ± 1. Moreover, acid chlorides are unable to react with protonated aromatic amines in strongly acidic solutions that are significantly below their pKa values.
The effect of the reaction temperature and the derivatization time were also examined for the three aromatic amines using the optimized conditions of pH 5 and a low MeCN concentration (Fig. 4) . The reaction temperature of 35 C was selected for good control for a whole year. And the derivatization time of 5 min was optimal.
Linearity Table 1 shows the calibration curve equations obtained by plotting the peak areas of di-NBD-CO-2,4-diaminotoluene (1), di-NBD-CO-o-tolidine (2), and di-NBD-CO-4,4′-diamino-3,3′-dimethyldiphenylmethane (3) in the derivatization reaction solution against the concentrations (i.e., 0, 20, 100, 200, and 400 ng/mL) of the aromatic amine standards (2,4-diaminotoluene (A), o-tolidine (B), and 4,4′-diamino-3,3′-dimethyldiphenylmethane (C)) in a 10% aqueous MeCN solution.
As indicated, between aromatic amine concentrations of 0 and 400 ng/mL (0 -178 ng/mL in the reaction solutions), linearity was good, and the correlation coefficients and reproducibility (%RSD) were good. Figure 5 shows the chromatograms obtained following derivatization of the aromatic amines, non-aromatic amine, and phenols using NBD-COCl. As indicated, aromatic amines (2,4-diaminotoluene (A), o-tolidine (B), 4,4′-diamino-3,3′-dimethyldiphenylmethane (C)), phenol (D), 4,4′-methylenebis-(cyclohexylamine) (E), and bisphenol A (F) were derivatized at pH 9 (Figs. 5b and 5d), while the phenols and non-aromatic amine were not at pH 5 (Fig. 5c ). In addition, without further pretreatment by solid-phase extraction or liquid-liquid extraction, only the aromatic amines were detected at pH 5 even in the presence of high amounts of phenols and non-aromatic amine (Fig. 5a ). This could be accounted for by the higher pKa values of the ammonium ions of many non-aromatic amines, which tend to range from 9 to 11. 22 Therefore, non-aromatic amines are in their protonated and less nucleophilic state in the buffer solution at pH 5. In addition, the typical pKa range of phenols is 8 -10, 22 and they exhibit high nucleophilicity under basic conditions (i.e., pH >8 -10). Therefore, the non-aromatic amine and phenols were not derivatized under the reaction conditions, and the aromatic amines were derivatized selectively. The pH of the reaction solution is important for the reactivity, as well as the affinity binding. 23 Figure 6 shows chromatograms obtained from derivatization of the standard solution of aromatic amines (Fig. 6a ) and the filter sample that had been spiked with the three aromatic amines, the non-aromatic amine, and the phenols (Fig. 6b) . As indicated, the extraction rate (i.e., the area of the NBD-CO-filter sample containing phenols and non-aromatic amines/the area of the NBD-CO-standard sample) and reproducibility were good (Table 2 ). In addition, the aromatic amines were detected and measured without interference from the phenols and nonaromatic amine. These results therefore indicate that the developed method can be applied for the filter sample.
Selectivity
Analysis of the sample from the sulfuric acid-impregnated filter
Conclusions
In a weakly acidic buffer containing a low acetonitrile concentration, three aromatic amines were derivatized selectively and quantitatively using 4-(N-chloroformylmethyl-N-methylamino)-7-nitro-2,1,3-benzoxadiazole (NBD-COCl) without any requirement for sample pretreatment. In addition, non-aromatic amines and phenols were not derivatized using this technique, thereby indicating the selectivity of this method. Derivatization to give di-NBD-CO-aromatic amines at 35 C for 5 min in an acetate buffer solution at pH 5 was followed by the simple, fast (retention times <5 min), and selective analysis of the products by high performance liquid chromatography. Therefore, this simple and rapid analytical method may be suitable for the measurement of aromatic amines in the workplace. a. The peak area of the NBD-CO-filter sample containing phenols and non-aromatic amines/the peak area of the NBD-CO-standard sample. b. The peak area of the NBD-CO-filter sample containing phenols and non-aromatic amines (n = 3). 
